compounds were prepared in order to investigate the effect of replacement of all or part of the cobalt on the structural and electrochemical properties. The impact of substitution on the structure has been examined by both x-ray and neutron diffraction experiments. The incorporation of aluminum has minimal effect on the anti-site defect concentration, but leads to structural changes that affect electrochemical performance.
Introduction
LiCoO 2 has been a mainstay of commercial lithium ion batteries since their introduction by Sony in 1991. 1 However, concerns over the high cost, toxicity, and the limited abuse tolerance of LiCoO 2 has led to a prolonged effort to find replacement cathode materials for the next generation of lithium ion batteries. Mixed transition metal oxides of composition Li[Ni y Co 1-2y Mn y ]O 2 have been extensively studied for the purpose of designing cathode materials with optimal capacity, rate capability, and thermal/structural stability. 2 In particular, the compositions Li The current-carrying capability of an intercalation electrode material operating under standard cycling conditions is largely determined by the rate at which lithium ions can be transported through the host lattice. Using ab initio calculations, the activation energy for lithium ion diffusivity in the lamellar α-NaFeO 2 (space group € R3 m ) structure has been shown to be highly sensitive to the dimension of the lithium layer. 7, 8, 9 To maximize the lithium slab spacing and create high rate materials it is critical to minimize the number of anti-site defects where a transition metal, typically nickel, is found to reside on the 3a site in the lithium plane. systems and stabilizes the layered structure. 11, 12, 13, 14 Another strategy is to synthesize the structurally analogous sodium-containing phase, which contains very few antisite defects, and then ion exchange it to form the lithiated analog. 15 Aluminum, which has an ionic radius of 0.535 Å, may be expected to have a similar effect on structure as cobalt. 16 Recent work on the Li[Ni 1/3 Co 1/3-y Al y Mn 1/3 ]O 2 system shows that aluminum can be substituted up to y=0.25 without the formation of a γ-LiAlO 2 impurity phase. 17 This leads to higher c/3a ratios (a measure of lamellarity) and a general improvement in rate capability, when powders are prepared as in reference 17. Aluminum substitution into layered oxides has also been shown to have a positive effect on the thermal abuse tolerances of layered oxides, either by inhibiting 4 lithium extraction at high states of charge, or by chemical stabilization of the structure itself. 18, 19, 20 LiFeO 2 does not crystallize in the layered α-NaFeO 2 structure, but either as tetragonally distorted γ-LiFeO 2 or the cubic α-LiFeO 2 . 21, 22, 23, 24 Both the γ-LiFeO 2 and α-LiFeO 2 structure lack a long range diffusion pathway for lithium and the associated electrochemistry activity is limited. 25, 26 Single although the electrochemical performance is generally observed to suffer from decreased capacity and increased capacity fade upon substitution. 17, 27, 28 This effect has been correlated with a strong increase in anti-site defect concentration at elevated iron contents leading to poor lithium ion transport and an increased difficulty in oxidizing nickel in the presence of iron. 29, 30 In this work, we discuss the impact of aluminum and iron substitution on the 
Experimental
All materials were synthesized using the glycine nitrate combustion method as described in references 17 and 31.
Powder X-ray diffraction (XRD) was performed in the range of 10°-70° 2Θ on a Phillips X'Pert diffractometer with an X'celerator detector using Cu Kα radiation. A custom milled polycarbonate powder holder was used to avoid any peak overlap associated with the holder material. 17 Neutron diffraction studies were undertaken on the Neutron Powder Diffractometer (NPDF) at the Lujan Neutron Scattering Center at Los Alamos National Laboratory. Neutron powder diffraction was used in addition to powder XRD since it is sensitive to both light and heavy atoms and therefore affords more accurate information on the structural parameters. In addition, NPDF is a highresolution, time-of-flight diffractometer that can probe high ranges in Q (or low dspacings). Samples ranging in size from 1-2 g were sealed in vanadium sample holders and data was collected for 6-12 hours under ambient conditions. Unit cell parameters and site occupancy factors were obtained from a combined XRD/neutron diffraction Rietveld refinement using the General Structure Analysis System (GSAS/EXPGUI) software package. 32, 33 Particle morphology studies were conducted using a field emission-scanning electron microscope (FESEM, Jeol JSM-6340F) and transmission electron microscope (TEM) (Phillips CM200FEG (field emission gun)) at an accelerating voltage of 200 kV.
To prepare samples for TEM, powders were ground in a mortar and pestle in acetone and transferred to a holey carbon grid. Elemental analysis was done by inductively coupled plasma optical emission spectrometry (ICP-OES) (Columbia Analytical Services, Tucson, AZ).
Pressed pellets for conductivity studies were fabricated by uni-axially pressing ~0.5 g of active material to 5 kpsi in a ½" stainless steel die. The pellets were transferred into balloon holders and cold isostatically pressed to 180 kpsi achieving a green density of ~70% of the theoretical density calculated from diffraction data. To achieve further densification, pellets were packed in a getter material of the same composition and fired to 800° C for 48 hours in air. The pellet faces were polished flat and parallel and a final density of close to 75% was obtained. Thin gold electrodes 6 were sputtered on to each face of the pellet using a Bal-Tec SCD 050 sputter coater.
AC impedance spectra were obtained using a to approximately 3-4% of the total cell capacity being passed on each titration step. The cell was equilibrated for four hours after each pulse prior to taking the next step.
Results and Discussion

Li[Ni 0.4 Co 0.2-y Al y Mn 0.4 ]O 2 (0≤y≤0.2)
All of the compounds were determined to be phase-pure by XRD and could be indexed to the space group over the entire substitution range (0≤y≤0.2) ( Figure   1 ). Powders ranged in color from a black/gray at y=0 to slightly red at higher aluminum but it is still several orders of magnitude lower than that of LiCoO 2 (10 -3 S/cm at room temperature). 35 Aluminum substitution at even low levels reduces it even further; e.g. to
1.2x10 -6 S/cm for y=0.05 and to 2.2x10 -8 S/cm for y=0.1. This is consistent with the substitution of an sp-type metal for cobalt in these systems. 36 Aluminum has no available d-states near the Fermi energy and therefore, cannot participate in electron transport process during cycling. DOS calculations on similar materials confirm this,
showing a decrease in the number of occupied states near the Fermi level as Al content increases. 37 These observations imply that it is reasonable to assume that electronic conductivity is indeed adversely affected by Al substitution.
Activation energies calculated from the Arrhenius plots are presented in Table 2 , and increase as a function of y. The magnitude of these values is also consistent with an activated, small polaron conduction mechanism. Figure 5a . The un-substituted material delivers 163 mAh/g on the first discharge cycle but fades nearly 6% in the first twenty cycles. Initial discharge capacities decrease in proportion to the Al content but cycling losses are reduced to 2-3% over 20 cycles for all but the y=0.2 cathode material.
Thus, the performance of the y=0.05 compound matches or exceeds that of the unsubstituted analog after just a few cycles although the initial discharge capacity is slightly lower (159 mAh/g).
Aluminum substitution raises the potential at which lithium is extracted and reinserted from the host lattice. This is most obvious when comparing differential capacity (dQ/dV) plots of materials galvanostatically cycled to 4.3V ( Figure 6 ). The broad peaks are consistent with a topotactically occurring single-phase reaction and their shapes are relatively unchanged upon aluminum substitution. The peak charge potential shifts from 3.795 V when y=0 to a maximum of 3.958 V when y=0.2, however. Likewise, upon cell discharge, the peak potentials increase from 3.747 V at y=0 to 3.903 V at y=0.2. This phenomenon has been predicted by ab initio calculations 36 and has been observed in other aluminum-substituted oxide materials. 43 44 The increased cell potential reduces the amount of lithium that can be removed upon charge to 4.3 V and results in lower discharge capacities upon the subsequent discharge.
Raising the charge cutoff potential to 4.7 V (Figure 5b Lithium transition metal oxide cathode materials are known to suffer from poor coulombic efficiencies during the initial charge/discharge cycle. Such first cycle irreversible capacity losses have been attributed to structural changes in the layered metal oxides 39 and/or irreversible oxidation of electrolyte. 45 The table included in Figure 7 shows average values of the irreversible capacity losses obtained for each type of cell in this study. When the charge was limited to 4.3V, an increase in this value was observed for cathode materials containing Al. The irreversible capacity losses increased substantially for all cells when the potential limit was raised to 4.7, although the magnitude of the increase was relatively lower for Al-substituted materials. Figure 13 ) and is consistent with the structural data, specifically the nearly identical lithium slab dimensions. It is interesting to note that the amount of anti-site mixing in 
